I Introduction
Thematic maps have a central and often unquestioned role in geographical information systems (GIS) (Woodcock and Gopal, 2000) . They are one of the most common ways of representing spatial data and are unsurprisingly, therefore, a common input and output of analyses undertaken in GIS. They are, however, only a model or simplification and hence a flawed representation of reality. Consequently, it is important that the quality of thematic maps is evaluated and expressed in a meaningful way so that their suitability for use may be assessed. This is important not only in providing a guide to the quality of a map and its fitness for a particular purpose but also in understanding error and its likely implications, especially if allowed to propagate through analyses linking the thematic map to other data sets. Unfortunately, for many geospatial data sets there is commonly a lack of information on data quality and what exists is often poorly communicated (Johnston and Timlin, 2000) . The quality of spatial data sets is a very broad issue that may relate to a variety of properties (Worboys, 1998) but with thematic maps the property of interest is typically map accuracy. The accuracy of spatial data sets has long been an important issue in GIS and has been the focus of considerable research, particularly since the influential book by Goodchild and Gopal (1989) . As accuracy remains a major research topic and issue of concern to many researchers, it seems pertinent to revisit the topic of accuracy, especially that of thematic maps. For instance, it is apparent that considerable development is required in the methods of accuracy assessment (Scepan, 1999) particularly as the accuracy of thematic maps is one of the greatest limitations to many users (Guisan and Zimmermann, 2000) .
Although accuracy assessment is now widely accepted as a fundamental component of thematic mapping investigations (Cohen and Justice, 1999; Cihlar, 2000; Justice et al., 2000) it is not uncommon for map accuracy to be inadequately quantified and Progress in Physical Geography 25,3 (2001) pp. 389-398 390 GIS: the accuracy of spatial data revisited documented. Although it may appear simple in concept, accuracy is a difficult property both to measure and express. This paper, therefore, aims to review briefly some of the main issues associated with accuracy that have arisen recently in the literature. Some of the issues raised are covered in greater detail from a remote sensing perspective in an extended review elsewhere (Foody, 2000a) .
II Accuracy assessment
In thematic mapping, the term accuracy is used typically to express the degree of 'correctness' of a map. An error is, thus, some discrepancy between the situation depicted on the thematic map and reality. Although this may appear simple and straightforward there are many problems and these currently limit the value and use of thematic maps within GIS.
Accuracy assessment has evolved considerably over the last 30 years (Congalton and Green, 1999) . Much of the work on thematic map accuracy assessment has been undertaken by the remote sensing community. This work has evolved to the situation where some approaches are seen as virtual standards (Congalton and Green, 1999) , although further standardization may be desired (Smits et al., 1999; Thomlinson et al., 1999) . Typically, the assessment of thematic map accuracy is based on the error or confusion matrix that shows a cross-tabulation of the class labels depicted on the thematic map with those observed on the ground for a set of specific locations. Although popular and generally well understood, there are many problems with this basis for accuracy assessment. Commonly, for example, the assumptions underling the error matrix-based approaches to accuracy assessment are unsatisfied. In such circumstances the use of the error matrix and accuracy measures derived from it may be highly misleading. For example, it is generally assumed implicitly that each unit mapped belongs fully to one of the classes in an exhaustively defined set of discrete and mutually exclusive classes (Congalton and Green, 1999; Townsend, 2000; Lewis and Brown, 2001 ) yet increasingly the GIS community is confronted with data sets that fail to satisfy these assumptions. In the remainder of this report attention focuses on five major problems in accuracy assessment that have recently been noted as major concerns in the use of the error matrix for the assessment of thematic map accuracy.
Accuracy of the reference data
Typically the reference or ground data used in the assessment of thematic map accuracy are assumed to be an accurate representation of reality. Clearly, a meaningful accuracy assessment requires an accurate reference data set. Unfortunately, however, the reference data set may contain significant error (Congalton and Green, 1999; Khorram, 1999) , sometimes more than the thematic map it is being used to evaluate. These problems with reference data accuracy may be particularly severe if remotely sensed data are used as the reference. Unfortunately, it is common to use remotely sensed data as reference data in many applications (e.g., Thomlinson et al., 1999; Justice et al., 2000) . The resulting error matrix and accuracy statement may be significantly distorted by errors in the reference data. In some studies it may, therefore, be important to know the methods and protocols (including issues such as class definitions) of reference data acquisition, as this may influence their accuracy and suitability for relating to the thematic map in order to assess its accuracy Bird et al., 2000) .
The certainty of the class labelling in the reference data is often variable and can significantly influence the apparent accuracy of a thematic map. For example, the degree of consensus in reference data labelling could account for up to a 10.7% difference in the area weighted accuracy of the International Geosphere Biosphere Programme (IGBP) global land cover map (Scepan, 1999; Estes et al., 1999; Scepan et al., 1999) . Similarly, Yang et al. (2000) report a 23.1% difference in the accuracy of a thematic map arising as a consequence of the definition of agreement between the map and reference data labels used. The certainty with which a label can be attached to a case is, therefore, variable, often based on highly subjective interpretations (Thierry and Lowell, 2001) . Consequently, the use of the term 'truth' when describing reference data, which is still common in parts of the remote sensing community, is problematic and should be avoided as it implies an error-free data set (Khorram, 1999; Bird et al., 2000) . The reference data are typically not 'truthful' and their limitations reduce the typical accuracy assessment to a measurement of the degree of agreement or correspondence between the two data sets, rather than an evaluation of the closeness of the thematic map to reality.
Data set registration
A fundamental requirement in most GIS-based analyses is that the data sets used are spatially co-registered. Unfortunately there is inevitably a degree of mis-registration. This is a major problem in using the error matrix for accuracy assessment as its use requires the labels for each case to relate to the same point on the ground. Many factors, however, conspire to reduce the ability to accurately locate a site within a map (Bastin et al., 2000) . The resulting positional uncertainty can have a major detrimental effect on thematic mapping studies. Mis-registration of data sets is one of the main sources of nonthematic errors in the error matrix (Husak et al., 1999; Muchoney et al., 1999) . The significance of this problem varies as a function of the distribution of the themes over the site and is generally least important for relatively homogeneous landscapes (Scepan, 1999; Loveland et al., 1999) . The errors resulting from mis-registration can, however, sometimes be larger than the actual thematic error in the map (Rieman et al., 2000) .
The problems of data set mis-registration tend to increase as a function of the number of data sets used. Major problems associated with data set registration have, for example, been observed in studies of change detection that are commonly undertaken within GIS (Jones et al., 2000; Power et al., 2001) . These studies typically aim to identify thematic changes that have occurred over time, sometimes involving temporal interpolation between the specific periods represented by the data sets used (Dragicevic and Marceau, 2000) . Such studies clearly require the data sets to be co-registered, but this is extremely difficult. The resulting mis-registration can have a significant impact on the analyses and interpretations made. For example, Roy (2000) shows how, when using a temporal sequence of remotely sensed imagery, mis-registration errors can act significantly to exaggerate or alternatively mask thematic change. Significant mis-registration Giles M. Foody 391 problems have also often been observed in the mapping of large areas where the problems of obtaining a high positional accuracy have been noted as a major source of error (Muller et al., 1998) . For example, approximately 20% of the sites used for the assessment of the accuracy of the IGBP global land cover map were mis-located to such a degree that they required spatial adjustment (Husak et al., 1999) . Although this type of problem has been observed elsewhere, it is rare for the horizontal positional accuracy of a thematic map to be discussed explicitly as an issue (e.g., Thomlinson et al., 1999; Yang et al., 2000) . More commonly, and aided by some popular software packages, sites on the thematic map are compared with the reference data directly as if perfectly coregistered. Without perfect registration, however, the error matrix may contain errors resulting from mis-registration as well as thematic mis-labelling, which will complicate the interpretation of accuracy metrics derived from it. The rigid adoption of site-specific accuracy assessment procedures therefore seems inappropriate when the ability to colocate sites in the derived map and ground data set is so difficult. In some instances it may be possible to accommodate positional and attribute uncertainty to refine analyses (Jones et al., 2000) or allow some degree of locational tolerance as with the production of topographic maps.
Sampling design
The error matrix cannot be properly interpreted without knowledge of the sampling design used in its construction. Unfortunately, however, detailed information on the sampling design used in a map accuracy assessment programme is rarely provided. This is a major problem as the results of an analysis can vary significantly with the sampling design used (Friedl et al., 2000) . A sample design should be selected with care to meet the needs of the user, although it is impossible to anticipate the requirements of all users (Stehman et al., 2000) . Commonly, sampling is deliberately constrained to avoid complexities such as boundary regions and, therefore, to focus on only those sites located in relatively large homogeneous regions of the classes. This is beneficial in reducing data set mis-registration problems but can result in an optimistically biased assessment of map accuracy (Congalton and Plourde, 2000; Yang et al., 2000) . Moreover, the accuracy statement is not representative of the mapped region. Instead it applies only to the large homogeneous patches of the themes and so often to only a small part of the map (Congalton et al., 1998) . For example, Muller et al. (1998) estimated that the accuracy statement to accompany one map was applicable to only 22% of the region it represented. Although the use of a sub-optimal sampling design may sometimes have no significant effect on accuracy assessment (Congalton and Plourde, 2000) and there is a strong pragmatic desire to balance statistical requirements with practicalities (Edwards et al., 1998; Belward et al., 1999 ) the choice of sampling design influences the reliability of an accuracy assessment (Muller et al., 1998; Stehman, 1999b) . Consequently, the practical constraints of a mapping project should be considered in the design of the accuracy assessment programme so as not to degrade the credibility of the accuracy statement derived (Stehman and Czaplewski, 1998) .
Spatial variation of accuracy
The spatial dimension is clearly fundamental to GIS. Unfortunately, however, the error matrix and metrics of accuracy derived from it convey no information on the spatial distribution of error (Steele et al., 1998; Morisette et al., 1999; Vaesen et al., 2000) yet many users would benefit from it (Guisan and Zimmermann, 2000) . Many thematic maps contain significant spatial variation in accuracy (Steele et al., 1998; Congalton and Green, 1999) . In the IGBP global land cover map, for example, the accuracy with which the individual continents are classified differs by ~20% (Loveland et al., 1999) and regions by ~56% . There are also significant differences in the accuracy with which individual classes are mapped of up to 61.5% (Loveland et al., 1999) . Frequently, there is a distinct pattern to the spatial distribution of thematic errors, with error commonly concentrated around boundaries (Steele et al., 1998; Vierira and Mather, 2000) . As the spatial variability of accuracy can be a major concern, particularly in terms of error propagation, many map users would benefit from a spatial representation of accuracy. Various approaches have been investigated to provide this information (Steele et al., 1998; Foody, 2000b) . Much of the recent effort on representing the spatial distribution of classification quality has been directed at the visualization of classification uncertainty (Thierry and Lowell, 2001 ). As there is typically a high degree of spatial dependency in the data, the representation of map uncertainty may benefit from geostatistical analysis (de Bruin, 2000) .
Error magnitude
Although thematic errors often differ in significance (DeFries and Los, 1999; Stehman, 1999a) they are rarely treated unequally in accuracy assessment. Frequently, the errors observed in a thematic map are between relatively similar classes (Mickelson et al., 1998; Loveland et al., 1999) and sometimes these errors may be unimportant while other errors may be highly significant (DeFries and Los, 1999) . Commonly, error arises as a function of class definition, particularly through attempts to represent continua by a set of discrete classes (Steele et al., 1998; Foody, 2000b; Townsend, 2000) . This can be a major source of classification error, much of which is associated with the allocation of relatively similar cases to different classes either side of typically arbitrarily defined class boundaries. The conventional (hard) allocation of sites to discrete classes that is common in thematic mapping is, therefore, an issue of major concern, particularly as it may sometimes be more appropriate to model continuous variations and allow for indeterminate boundaries (Andrefouet and Roux, 1998; Foody, 2000a; Cheng et al., 2001; DeFries et al., 2000; Oberthur et al., 2000) . Although the utility of some measures of map accuracy is limited by variations in the severity of error magnitude (Adams and Hand, 1999) others can be adapted to accommodate known differences in error severity (Stehman, 1999a; Guisan and Zimmermann, 2000) .
A further source of error associated with the use of a standard (hard) thematic map, in which each site, whether it be a raster grid cell or a polygon, is associated fully with a single class, is the implicit assumption that the map is composed of pure rather than mixed sites. This is often not the case, especially in remote sensing where mixed pixels are common. Indeed in some studies mixed pixels have been identified as the most important cause of thematic error (e.g., Canada Centre for Remote Sensing, 1999). When Giles M. Foody 393 purity cannot be assumed, standard accuracy assessment measures are, therefore, often inappropriate for accuracy assessment. The strict insistence on perfect agreement between the map and the reference data may, therefore, be inappropriate. Fuzzy or soft methods have been used increasingly to allow for impure sites. These, typically, are fuzzy in the sense that they allow each mapped unit (e.g., image pixel) to have multiple and partial class membership. These approaches have also proved popular in the representation of continua where the assumed conditions of discrete and mutually exclusive classes are unsatisfied (Townsend, 2000) . Unfortunately, these soft or fuzzy classifications cannot be sensibly evaluated in the normal way with a conventional error matrix-based analysis. Some recent work has, however, sought to exploit the attractive features and popularity of the error matrix while usefully extending its applicability to fuzzy classifications by developing approaches founded on fuzzy and rough sets (Binaghi et al., 1999; Jager and Benz, 2000; Ahlqvist et al., 2000; Lewis and Brown, 2001) . Alternative approaches to accuracy assessment have also been used. Sometimes, for example, thematic maps have been evaluated using information theorybased metrics employing measures of entropy (e.g., Zhang and Foody, 2001) or measures based on a linguistic scale of accuracy (e.g., Woodcock and Gopal, 2000) . Methods based on the linguistic scale of error have been found particularly useful as a means of tolerating some degree of disagreement between the map and reference data sets (Woodcock and Gopal, 2000) . With this approach the standard crisp class membership is not assumed and, instead of making the basic correct-incorrect evaluations, the analyst adopts a scale of relative error severity (Mickelson et al., 1998; Woodcock and Gopal, 2000; DeGloria et al., 2000) .
III Conclusion
Despite the long history of research into the accuracy of thematic maps there are many problems that limit the ability to describe and express accuracy. The error matrix lies at the core of much work on accuracy assessment and is frequently used without question to its suitability. The error matrix is generally used to provide a site-specific assessment of the correspondence between the thematic map and ground conditions. However, there are many problems with the use of the error matrix for accuracy assessment. A key concern is that the basic assumptions underlying the assessment of map accuracy may not be satisfied. Rarely, for instance, will the data used be truly site-specific, owing to problems of mixed mapping units and mis-registration of the data sets. The classes defined are also typically a generalization that may often be problematic. Moreover, rarely are the reference data an accurate representation of the ground conditions or the necessary information on the sampling design used in their acquisition provided. Obtaining a reliable error matrix is, therefore, a weak link in the accuracy assessment chain (Smits et al., 1999) , yet it remains central to most accuracy assessment and reporting. There is, therefore, considerable scope for further research on accuracy assessment, which will be of substantial benefit to both the GIS community as well as the expanding community of thematic map users.
